Infection of cells with flaviviruses in vitro is
West Nile virus (WNV) is a member of the Flavivirus genus of the family Flaviviridae. This genus contains a number of arthropod-borne human pathogens, including dengue virus (DV), Japanese encephalitis virus, yellow fever virus, and tickborne encephalitis virus (26) . WNV was associated with fever and infrequent encephalitis cases in humans in Africa, the Middle East, and Europe from its discovery in 1938 through the 1990s. In 1999, WNV was first detected in New York City, and from there it rapidly spread across the United States, some regions of Canada, Mexico, and Central America. The majority of WNV infections are asymptomatic; however, a portion of infections result in West Nile fever, and a subset of infections lead to viral invasion of the central nervous system that results in encephalitis, paralysis, and meningitis, outcomes which are especially prevalent in immunocompromised and aged individuals (4) .
The mechanisms by which WNV causes disease are not completely understood, but studies with a hamster model of the disease suggest that following a brief peripheral replication cycle, the virus crosses the blood-brain barrier, where it infects neurons, causing cell death (47) . The direct effect of WNV on neurons or an immune response to their infection may also be responsible for encephalitis and meningoencephalitis in humans (13) . Pretreatment of animals with type I interferons (IFN-␣/IFN-␤) has been shown to block flavivirus disease (3, 23) , and animals defective in the IFN response have been shown to be more susceptible to flavivirus infection (19, 28, 39) . Although the precise IFN-stimulated genes (ISGs) that are responsible for preventing or controlling flavivirus infections are unknown, a number of studies have demonstrated that flavivirusinfected cells prevent IFN-induced phosphorylation of STAT molecules, which carry the signal from the ligated IFN receptor to the nucleus to activate the transcription of ISGs (1, 11, 20, 24, 25, 32, 37, 44) . Interestingly, the precise mechanism by which flaviviruses alter STAT phosphorylation appears to differ among members of the genus (1, 24, 32) .
IFN is produced by most eukaryotic cells in response to viral infection and/or recognition of virus-associated macromolecules (known as pathogen-associated molecular patterns [PAMPs]), such as single-or double-stranded RNA (ssRNA and dsRNA, respectively). In many mammalian cell types, ligation of Toll-like receptor 3 (TLR3) to extracellular dsRNA or recognition of intracellular dsRNA by the intracellular helicase mda5 or RIG-I induces the phosphorylation and activation of the constitutively expressed IFN regulatory factor 3 (IRF3), leading to nuclear translocation and activation of transcription of the genes for IFN-␤ and IFN-␣ subtype 4 (14) . Recent studies have indicated that in cell cultures, a subset of viruses appear to activate the mda5 pathway, whereas others, including the flavivirus Japanese encephalitis virus, activate the RIG-I pathway (21) . In some cases, IFN-␣ expression has been linked to protein kinase R activation via binding of intracellular dsRNA (9) . Furthermore, multiple IFN-␣ subtypes can also be induced by PAMP-stimulated signal transduction pathways that lead to the phosphorylation of IRF7, which can be trig-gered by binding of ssRNA to TLR7/8. Interestingly, IRF7 is constitutively expressed in only a subset of cells, but the IRF7 gene is an ISG, so following IFN binding, many cells can produce IRF7, permitting them to amplify the IFN signal if stimulated by ssRNA (12) .
For many infections, a subset of cells known as plasmacytoid dendritic cells (pDCs), which express IRF7 constitutively, have been implicated as key IFN producers (16) . These cells can produce extremely high levels of IFN in response to stimulation with infectious disease agents or components thereof. Activated pDCs also produce other cytokines, notably interleukin-12 (IL-12), tumor necrosis factor alpha, granulocytemacrophage colony-stimulating factor, and IL-3, and chemokines, such as CCL3, CCL4, CCL5, CCL22, CCL19, and CXCL13 (2, 5, 33) . However, pDCs are not the only cell type that express IRF7 constitutively. Other lymphocytes, including monocytes, B cells, and dendritic cell precursors (pDC2) (18) , also express IRF7 in the resting state and are hence able to induce synthesis of IFN-␣ through the IRF7 pathway (reviewed in reference 22).
Virus-like particles (VLPs) have been used as tools to study RNA virus infection in vitro and in vivo. VLPs consist of subgenomic replicating genomes lacking structural protein genes (replicons) that have been encapsidated by the missing structural proteins provided in trans by packaging cells. VLPs are thus able to infect cells and initiate genome replication in a manner that mimics that of normal virus, but unlike infections with normal virus, VLP infections cannot spread in the absence of trans-expressed structural proteins. In the case of both alphaviruses (35) and flaviviruses (43) , VLPs have been used to identify the first cells that are infected in insect vectors of these viruses. Furthermore, for the alphavirus Venezuelan equine encephalitis virus, VLPs have been used to identify the first cells that are infected in animal models (29) , and recent studies with Venezuelan equine encephalitis virus VLPs have shown that these VLPs (referred to as VRPs in the previous study) can strongly stimulate antiviral responses (46) .
In the studies described in this paper, we used WNV VLPs to study the early events in WNV infection in mice, demonstrating that WNV VLPs induce a rapid IFN response, resulting in very high levels of IFN-␣ in the serum between 8 and 24 h after either intraperitoneal (i.p.) inoculation or subcutaneous inoculation in the footpad (f.p. inoculation). Since VLPs can undergo only a single round of infection, these studies have demonstrated that the very first cells infected in an animal are capable of stimulating the production of high levels of IFN. IFN production was dependent on the replicative capacity of VLPs, since mice inoculated with UV-inactivated VLPs did not produce IFN. Immunohistochemical (IHC) detection of WNV antigen-positive cells in the popliteal lymph nodes (pLN) after f.p. inoculation with VLPs and the demonstration of high levels of IFN mRNA in pLN collected from VLP-inoculated animals implicate this lymphoid organ as a prominent source of IFN production. Finally, the finding that IRF3 Ϫ/Ϫ animals produced levels of IFN similar to those of wild-type animals suggests that neither the RIG-I/mda5 nor the TLR3 pathway, known to be important for IFN-␤ induction, is important for this early response to WNV infection.
MATERIALS AND METHODS
Cell lines. Baby hamster kidney (BHK) and Vero cell lines have been described previously (37 , a complete C coding region, the entire nonstructural protein-encoding region, and the 3Ј UTR) was produced from WNR NS1-5 (37) by the addition of the complete C-encoding region (R. Fayzulin and P. W. Mason, unpublished data). WNR C-Luc2A NS1-5, carrying the firefly luciferase reporter gene, has been described previously (10) . VLPs were produced by electroporation of BHK VEErep/C*-E/Pac packaging cells (10) with in vitro transcripts of WNR C-NS1-5 (VLPs used for all animal studies were derived from a single electroporation with this WNR) or WNR C-Luc2A NS1-5 (used for IFN bioassays [see below]). In both cases, the packaging cells were maintained in medium with 1% fetal bovine serum (FBS; a low serum concentration was used to prevent cell overgrowth) and VLP-containing supernatants were collected at various times and frozen for subsequent analysis. In some cases, VLPs were concentrated by precipitation in the cold in 10% polyethylene glycol (molecular weight, 8,000) and 0.64 M NaCl (final concentration), followed by collection by centrifugation and solubilization in tissue culture medium. VLP titers were determined by enumerating WNV antigen-positive cells detected in IHC-stained Vero cell monolayers 16 to 24 h after infection with dilutions of VLPs (37) . All titers are expressed in terms of infectious units (IU) on Vero cells. VLPs were inactivated by exposure to UV light from a 4-W, 254-nm source placed at a distance of 10 cm for 1 min. This dose of UV, which yielded reductions in titer of Ͼ99.99%, was used to minimize the physical effects of UV exposure on RNA and protein structure.
Animals. Outbred Swiss Webster mice were obtained from Harlan (Houston, TX). C57BL/6J (BL6) mice were obtained from Jackson Laboratory (Bar Harbor, ME). IRF3
Ϫ/Ϫ mice (41) on a C57BL/6J background (kindly provided by T. Moran and T. Taniguchi) were maintained in a breeding colony at UTMB. All mice were housed in sterile microisolator cages under specific-pathogen-free conditions in the AAALAC-approved UTMB animal facility. All procedures were conducted in accordance with the UTMB Institutional Animal Care and Use Committee.
IFN bioassay. IFN levels were measured using a bioassay. Briefly, samples were diluted fourfold with Dulbecco's modified Eagle's medium containing 1% FBS and 10 mM HEPES and used to treat MEF monolayers grown in 96-well black-walled plates at 37°C. After an overnight incubation, the samples were aspirated from the monolayers and 50 l of VLPs containing WNR C-luc-NS1-5 expressing firefly luciferase (Luc) was added to each well. Twenty-four hours after VLP infection, cells were lysed by the addition of lysis buffer containing D-luciferin and ATP (SteadyGlo; Promega), and after a 5-minute incubation, the plates were read on a TR717 microplate luminometer (Applied Biosystems). Percent inhibition was determined by normalizing the value (photons/s) for each sample to that for a sample that had been pretreated with Dulbecco's modified Eagle's medium containing only FBS and HEPES. All bioassay data were standardized by side-by-side comparisons to a murine IFN-␤ (an NIH standard produced from L cells obtained from the NIAID Reference Reagent Repository, which is operated by Braton Biotech, Gaithersburg, MD) or a commercial murine IFN-␤ (Sigma) calibrated to the NIAID standard. Using the amount of the standard required to inhibit Luc activity by 50% (between 1.5 and 5 U/ml of the NIAID IFN-␤ standard), the amount of IFN in each sample was determined by interpolation to the sample dilution yielding a 50% inhibition of Luc activity.
IFN ELISA. IFN-␣ and -␤ were measured in serum samples by an enzymelinked immunosorbent assay (ELISA), using a commercial murine IFN ELISA kit (PBL Biomedical Laboratories, New Brunswick, NJ). Sera were diluted 5-to 10-fold before analysis to overcome nonspecific interference with the assay. At these dilutions, normal sera produced optical densities slightly lower than those obtained with sample diluent, so standard curves used to quantitate IFN levels were generated by adding IFN standards to normal sera at the same concentrations used in the test samples (20% for IFN-␤ ELISA and 10% for IFN-␣ ELISA). The limits of detection with these assays were 100 pg/ml for IFN-␤ in sera (due to the 5-fold dilution factor and assay sensitivity) and 100 pg/ml for IFN-␣ in sera (due to the 10-fold dilution factor and assay sensitivity).
Bead protein array analysis of cytokines and chemokines in mouse sera. Serum samples were analyzed for cytokines and chemokines by use of a Bio-Plex bead array (Bio-Rad, Hercules, CA) according to the manufacturer's recommendations. Samples were analyzed in parallel to known cytokine reference standards (2 to 5,000 pg/ml) provided by the manufacturer. A multiplex premixed panel of 23 mouse cytokines and chemokines was analyzed in all samples.
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Animal inoculations. Mice were inoculated with WNV or WNV VLPs by i.p. injection or by subcutaneous rear f.p. injection. For intermediate points in time course studies, animals were anesthetized and sera were collected by retroorbital bleeds. At the end of studies, the mice were sacrificed and sera were collected postmortem by cardiac puncture. In some studies, peritoneal lavage samples were collected and pLN were harvested following sacrifice.
Real-time RT-PCR analysis. BL6 and IRF3 Ϫ/Ϫ mice were inoculated with 1 ϫ 10 7 IU of WNV VLPs by either the subcutaneous rear left f.p. route in a volume of 17 l or the i.p. route in a volume of 100 l or were mock inoculated with medium by both routes. Twenty-four hours after inoculation, the rear left pLN were harvested from all animals and stored overnight in RNAlater (Ambion). The next day, total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's specifications. Extracts were DNase I (Ambion) treated to remove contaminating genomic DNA, precipitated, and resuspended in nuclease-free water. Reverse transcription (RT) was carried out with an ImProm II RT kit (Promega), with random hexamers as primers. Real-time PCR analysis was carried out using an iQ SYBR green supermix kit (Bio-Rad), using the primers listed in Table 1 . Reaction mixes were set up in 96-well PCR plates (Eppendorf). Amplifications were carried out for 50 cycles, followed by a melting curve analysis of resulting products to confirm the specificity of the reactions.
The following cells and treatments were used for the preparation of PCR standards: for IRF7, macrophage chemoattractant protein 1 (MCP-1), IFN-␣, and IFN-␤, Raw 264.7 mouse macrophages infected with Sendai virus for 16 h; for the WNV genome, Vero cells infected with WNR NS1-5 VLPs; and for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), unstimulated Raw 264.7 cells. Total RNA was isolated from the cells, and 300-to 600-bp fragments of the gene(s) of interest were amplified by RT-PCR using appropriate primer sets. PCR fragments were gel purified and quantitated, and the copy number was calculated. Serial 10-fold dilutions were then prepared for use as templates to create standard curves by real-time PCRs. All samples were normalized to GAPDH. To control for plate-to-plate variation, GAPDH reactions were run for all samples on the same plate as the respective real-time PCR for the gene of interest. All data are expressed as the copy number of the gene of interest per 10 6 copies of GAPDH.
IHC staining of pLN. pLN collected from mice inoculated in the f.p. with WNV VLPs or from control animals as described above were snap frozen in OCT medium in cryomolds. Five-micrometer-thick cryostat sections were prepared, mounted on Superfrost Plus slides, and stored at Ϫ80°C until needed. Before being stained, the slides were brought to room temperature, fixed in ice-cold acetone for 5 min, and air dried for 30 min. After being washed in phosphate-buffered saline, slides were treated with 3% hydrogen peroxide for 10 min. Following sequential 15-min incubations with 0.1% avidin and 0.01% biotin (Vector Laboratories, Inc., Burlingame, CA) to block endogenous reactivity, slides were incubated in blocking solution (Histomouse-SP kit; Zymed Laboratories Inc., South San Francisco, CA) for 30 min, and then a biotinylated anti-WNV immunoglobulin G (IgG) fraction prepared by biotin-N-hydroxysuccinimide conjugation to protein A-purified IgG from hyperimmune mouse ascitic fluid was applied to the sections for 60 min at 37°C. Following washing, the bound biotin was detected using a Histomouse-SP kit according to the manufacturer's instructions.
RESULTS
Mice produce high titers of IFN following inoculation with WNV VLPs. In initial studies, we showed that i.p. inoculation of BL6 mice with a high titer of WNV VLPs elicited a robust IFN response at 24 h postinoculation, as determined in a bioassay standardized with an NIH standard (Fig. 1) . IFN was GAPDH  ATGTCAGATCCACAACGGATACAT  ACTCCCTCAAGATTGTCAGCAAT  307  42  IFN-␤  GGAGATGACGGAGAAGATGC  CCCAGTGCTGGAGAAATTGT  107  45  IFN-␣  ATGGCTAGGCYCTGTGCTTTC  TCTGAYCACCTCCCAGGCACA  492  8  IRF7  CAGCGAGTGCTGTTTGGAGAC  AAGTTCGTACACCTTATGCGG  351  7  MCP-1  ATCCCAATGAGTAGGCTGGAGAGC  GGTGGTTGTGGAAAAGGTAGTGG  279  34  WNV NS5  CGGTCGGAAAAGTGATTGACC  GCCCTTTGTGTACCCTCTGACTTC  100  This present in these animals at similar concentrations in both the serum and peritoneal fluid, and IFN was undetectable in both of these fluids in animals inoculated with medium alone (Fig.  1A and B) . The similarity of IFN levels in these two compartments led us to conclude that the cytokine was freely moving between these compartments, and hence, subsequent data are only reported from serum bioassays, which have an enhanced level of sensitivity since the serum samples are not diluted at the time of collection, as is necessary for peritoneal lavage samples. Interestingly, IFN levels were lower at 48 h postinoculation, indicating a transient response to the VLP treatment. Figure 1C , which was obtained for a second experiment, shows that large amounts of IFN were detectable in as little as 8 h and that high levels of IFN were also detectable when animals were inoculated with a lower dose of VLPs. In addition, Fig. 1C shows that infectious VLPs were needed to elicit IFN production, since animals inoculated with UV-inactivated VLPs did not produce detectable levels of IFN.
To learn more about the IFN response to VLP injection, groups of five mice were inoculated with sequentially lower doses of VLPs by the i.p. route. Sera from these mice were collected at 24 h postinoculation and tested for IFN levels by bioassay and an IFN-␣ ELISA (Fig. 1D) . The data in Fig. 1D demonstrate some variability in the responses of individual animals to VLP inoculation, but they display a clear dosedependent response and demonstrate a concordance between these assays. IFN-␤ ELISAs performed on sera pooled for the highest dose shown in Fig. 1D (10 7 VLPs) failed to detect the presence of any IFN-␤. Since this assay has a limit of detection of 100 pg/ml and the same pool contained IFN-␣ levels of over 5,000 pg/ml, the IFN-␣ levels detected by ELISA were at least 50-fold greater than the levels of IFN-␤ detected by ELISA.
IFN production in response to WNV VLPs and WNV is independent of IRF3. To help us to determine the mechanism by which WNV replication elicits this strong IFN response, we compared IFN production in BL6 and IRF3 Ϫ/Ϫ mice. These studies showed that both BL6 and IRF3 Ϫ/Ϫ animals produced a strong IFN response following VLP inoculation (Fig. 2) . In addition, high levels of IFN were also detected following f.p. inoculation, indicating that multiple routes of inoculation could produce high levels of IFN (Fig. 2) . Interestingly, IRF3
Ϫ/Ϫ mice have been reported to produce about 20 times less IFN than wild-type mice when inoculated with Newcastle disease virus (41) , suggesting that the mechanism of activation of the IFN response to the negative-strand RNA virus Newcastle disease virus is substantially different from that used in response to the positive-strand RNA virus WNV. The IFN produced in WNV VLP-injected mice was completely neutralized with a high dilution (1:10,000) of a polyclonal anti-murine IFN reference serum (obtained from the NIAID Reference Reagent Repository, operated by Braton Biotech, Gaithersburg, MD) but was not inhibited by the control serum (same source), indicating that this antiviral activity was type I IFN (results not shown), consistent with the ELISA data shown in Fig. 1D .
Since IRF3 plays a key role in IFN production in cells which have been exposed to PAMPs from multiple viruses, including WNV, we sought to further examine the phenotype of our IRF3 Ϫ/Ϫ animals in response to inoculation with WNV compared to that in response to inoculation with the dsRNA mimetic poly(IC:LC) (Hiltonal; generously supplied by A. M. Salazar, Oncovir, Inc.). Table 2 shows that in these studies the poly(IC:LC) rapidly induced an IFN response that began to wane at 24 h, whereas the WNV induction was slower, peaking at 24 h before diminishing at 48 h, similar but not identical to the kinetics shown for VLP inoculation (Fig. 1A and C) . Interestingly, inoculation with 10 7 VLPs produced more IFN than inoculation with 10 7 "live" WNV virions. This interesting finding could be due to a variety of factors, the most intriguing of which is the possibility that the spreading infection of the live virus could actually interfere with the innate response to infection. Interestingly, the IRF3 Ϫ/Ϫ mice produced a high response to poly(IC:LC), suggesting either that this dsRNA mimetic acts through a non-TLR3 pathway or that an intermediate pathway other than IRF3 transduces the TLR3 signal for IFN synthesis.
Analyses of pLN reveal a role in IFN production and the sites of VLP replication. To analyze the role of lymphoid tissue in the generation of the early IFN response, groups of three BL6 and IRF3 Ϫ/Ϫ animals were inoculated in the left rear f.p. or inoculated i.p. with 10 7 IU VLPs or VLP diluent. Sera were collected at 8 h postinoculation, and at 24 h postinoculation the animals were euthanized and the sera as well as the left rear pLN were collected. As shown in Fig. 3A and B, most animals responded to the inoculations, producing readily detectable IFN in both serum samples. However, one of three IRF3 Ϫ/Ϫ animals inoculated by the i.p. route did not produce detectable levels of IFN at either time point. Detection of WNV RNA by real-time RT-PCR revealed high levels of WNV RNA in the pLN of animals inoculated with VLPs by the f.p. route, very low levels of WNV RNA in the pLN of i.p. inoculated animals, and no detectable WNV RNA in the pLN of medium-inoculated mice (Fig. 3C) . These findings suggest that the f.p.-inoculated VLPs (or cells infected with the VLPs) ultimately trafficked to the pLN, where they replicated, producing high levels of viral RNA. The absence of WNV genomes and the lower levels of IFN-␣ RNA (see below; Fig. 3D ) in the pLN of mice inoculated i.p. suggest that VLPs delivered i.p. trafficked to different secondary lymphoid organs, where they likely replicated and induced IFN production. Analyses of pLN mRNAs from these animals also demonstrated a modest elevation in the level of mRNA for IFN-␤ (up to several hundred copies per 1 million copies of GAPDH mRNA), whereas the IFN-␣ level showed a remarkable elevation (in the range of 50,000 to 650,000 copies per 1 million copies of GAPDH mRNA) ( Fig. 3D and E) . The very high levels of IFN-␣ mRNA and low levels of IFN-␤ mRNA detected in the draining LN of f.p.-inoculated mice are consistent with the results shown in Fig. 1D that revealed high levels of IFN-␣ in sera of VLP-inoculated animals but no detectable IFN-␤ in the same sera (see above). The presence of IFN-␣ in the sera of the IRF3 Ϫ/Ϫ animals used for the study in Fig. 3 was corroborated by performing ELISAs on 24-hour sera from two animals of each genotype injected i.p. with VLPs. These assays failed to detect IFN-␤ at levels above the limit of detection of the assay, whereas IFN-␣ levels were found to be over 7,000 pg/ml in these four samples. Despite the low levels of IFN-␤ mRNA in the pLN, it is intriguing that there were higher levels in the pLN of f.p.-inoculated mice, suggesting that IFN-␤ production at this site could contribute to the production of IFN-␣ at this site and the resulting systemic IFN-␣ response. Analyses of the mRNA levels for IRF7 in the pLN showed high responses in all inoculated animals, including the animals inoculated i.p. (Fig. 3F) . These findings are consistent with the expected transcriptional activation of the IRF7 gene by the systemic IFN produced from either a local (f.p.) or distant (i.p.) route of inoculation. As expected, the IRF3 Ϫ/Ϫ animal with undetectable levels of serum IFN following i.p. inoculation with the VLPs (see above; Fig. 3A and B) was the one showing the lowest level of pLN IRF7 mRNA (Fig. 3F) .
IHC staining of pLN from VLP-injected animals. To further evaluate the events following inoculation of VLPs, pLN were dissected from VLP-or medium-inoculated animals at 24 h postinjection, cryopreserved, sectioned, and stained with a biotin-labeled polyclonal antibody preparation from mice hyperimmunized with WNV (see Materials and Methods). Figure 4 shows representative sections from these studies, demonstrating the presence of a large number of WNV antigen-positive cells in the cortex of the pLN from a VLP-inoculated animal and the absence of staining of a similarly prepared section from a medium-inoculated animal. These antigen-positive cells almost certainly represent cells undergoing active infection (rather than cells that have taken up viral antigen) due to the intensity of their staining and the fact that ␤-galactosidase (␤-Gal) was also detected in a similar region of the pLN in animals inoculated with ␤-Gal-expressing VLPs (results not shown).
Analyses of selected cytokines and chemokines demonstrate that VLP inoculation results in a broad antiviral response. To further define the potential cellular target(s) for WNV infection, serum cytokines and chemokines were measured at two times (8 or 24 h) postinfection in mice inoculated with VLPs by two different routes (i.p. and f.p. inoculation). Table 3 shows a comparison of IFN activities in these samples as well as the levels of six type 1 proinflammatory cytokines and chemokines selected from the 23 potential analytes detected in the BioPlex assay we utilized. ␤-Chemokines (RANTES, macrophage inflammatory protein 1␣ [MIP-1␣], and MCP-1) were up regulated approximately twofold and a proinflammatory cytokine (IL-12p70) was up regulated marginally relative to the levels found in mediuminoculated animals following i.p. inoculation with WNV VLPs. Modest increases in IFN-␥ production were noted from VLP inoculation in mice via the i.p. route (up to 1.5-fold over baseline by 24 h postinfection). Combined, these effects could be mediated via TLR activation (TLR-3, TLR-7, or TLR-9) of cells at the site of infection. However, several of these molecules (MIP-1␣ [38] , MCP-1 [15, 17] , MCP-3 [31] , MIP-1␤, and RANTES [6] ) are known to be up regulated by type I IFN treatment and alterations in cellular recruitment/infiltrates, so we cannot exclude the possibility that these factors were produced in response to the systemic effects of type I IFN produced by VLP infection. 
DISCUSSION
The outcome of a viral infection involves a complex interaction between the host's (and host cell's) countermeasures and the virus's ability to circumvent these. In acute viral infections, the countermeasures put in place by the host involve both short-term and long-term responses that are intended to result in pathogen elimination/reduction of disease and the production of memory responses that prevent or ameliorate subsequent infections, respectively. In the case of arboviruses, the vast majority of infections are acute and rate limiting, but the pathological outcome of infection can vary greatly both among different host species and between individuals of the same species.
In the case of WNV, there is ample evidence that the immune status of the host is an important determinant of the pathological outcome of infection (see the introduction). Here we have shown that WNV VLPs induce a rapid production of IFN upon inoculation into animals by either the subcutaneous f.p. or the i.p. route. Although the former would appear to mimic a natural infection by a virus-infected mosquito, the latter provides for more direct access to the circulatory system, the target of mosquito blood feeding and the site where much of the saliva-carried virus is likely deposited. The levels of IFN that we detected in peritoneal fluid and sera harvested from these animals at 8 h postinoculation are 20-to 100-fold higher than the dose that prevents WNV infection in vitro (44), indicating that these values are biologically relevant.
We also observed IFN production in animals inoculated with WNV, a finding that has been reported in other studies (27, 36, 40) ; however, we focused most of our studies on WNV VLPs. The reason for this emphasis is due to the properties of these particles, namely, their inability to spread from cell to cell, which indicates that the IFN observed was produced by the cells that were infected with the inoculating dose or stimulated by the products of these primary infected cells. As stated in the introduction, alphavirus VLPs were used by Johnston and coworkers to track the earliest sites of infection in studies that also demonstrated early infection of lymphoid tissues by VLPs derived from this family of arboviruses (29) . In the case of WNV infection, the rapid amplification of the virus in certain tissues confounds these types of analyses, since the IFN production reported by us and others (see above) could result in part from amplification of the virus and its ability to spread to other cells. Although our studies do not preclude IFN production by other cells later in the course of infection with the natural virus, they do clearly demonstrate that the primary inoculation is capable of activating this important aspect of the immune response.
The kinetics of IFN production in animals inoculated with WNV VLPs and poly(IC:LC) were dramatically different. Poly(IC:LC) elicited IFN much more quickly, but the response also began to wane very rapidly. These properties are consistent with our demonstration that VLPs need to be able to replicate to produce the PAMP responsible for the induction of IFN production, whereas poly(IC:LC) is injected at high doses and is directly active.
The finding that production of this early IFN response required VLP replication and was accompanied in f.p.-inoculated animals by high levels of IFN-␣ mRNA in the pLN implies that the site of IFN production is lymphoid tissue. Furthermore, the IFN activity was neutralized by a polyclonal antiserum that recognizes IFN-␣/␤, and direct ELISA demonstrated the presence of IFN-␣ but not IFN-␤ in the sera of VLP-infected animals. These findings, as well as our findings that IFN was produced in similar quantities by IRF3 Ϫ/Ϫ mice, argue for a role of lymphoid cells that constitutively express high levels of IRF7 as the source of IFN. Although the cells producing IFN could be DCs, a cell type that has been implicated in IFN production in infection with DV and yellow fever virus, to our knowledge there are no reports demonstrating that infection of these cells is important for IFN production in WNV-infected animals. Unfortunately, our analysis of 23 cytokines and chemokines by Bioplex array did not allow us to pinpoint expression to a single cell type given the rather broad array of potential expressing cell types for molecules that were up regulated at least twofold over baseline in the circulation. This will be the focus of future studies with sorted cells from treated animals.
The early production (and recognition) of IFN by immunocompetent hosts could readily explain why such hosts are much more likely to survive infection. Likewise, this early production of IFN could have interesting ramifications in dose escalation experiments designed to determine the virulence of viral isolates. In particular, we have noted that as arbovirus isolates become more attenuated, there is often a threshold in virulence, such that viruses with a predicted large difference in virulence show identical inabilities to produce disease and mortality in animals, even when administered at very high doses. In light of the data presented here, these experiments could indicate that the early IFN responses to very high doses of the virus could block replication of viruses of various levels of virulence, confounding measurement of attenuation when high doses are administered.
The IFN responses we have observed here also have important ramifications for vaccine design and delivery. For the reasons cited above, escalating doses of live attenuated flavivirus vaccines, especially in the case of multiserotype vaccines (as needed, for example, in the case of DV), could result in IFN responses that would dampen virus spread and, consequently, potency/efficacy. However, this effect would likely be offset by the autoadjuvant effect of IFN production. Thus, the balance between IFN production that blocks attenuated vaccine virus spread and the need to attenuate viral replication to prevent disease could help to explain why live attenuated vaccines for some flaviviruses have been so difficult to produce. On the other hand, the autoadjuvant effect would have a less severe effect on the immune responses engendered by VLP or VLP-like vaccines, such as our recently reported pseudo-infectious flavivirus vaccines (30) . Interestingly, recent reports on VLPs from alphaviruses have also reported that they can stimulate strong immune responses, likely through a similar mechanism of activation (46) .
Multiple important aspects of WNV VLP-induced IFN production remain to be elucidated. These include the precise nature of the cells that are infected in the lymphoid tissues and the mechanism of infection. In particular, we are interested in determining if the VLPs traffic to the lymphoid tissues and infect lymphoid cells in these organs or if they infect cells in the periphery which then traffic to the draining LN. Further studies to explore the expected adjuvant activity that this IFN production can have are also warranted, as this may have important implications for the design of effective vaccines.
